ABSTRACT Line commutated converter high voltage direct current (LCC-HVDC) transmission has unique advantages and plays an irreplaceable role in the power system. It is of great significance to study the commutation process. The traditional ideal model of commutation process neglects many valve parameters. In this paper, the consistency problems of valve parameters and early slight faults of converter station are considered. The commutation process is studied and a more accurate module is built, which revises the traditional ideal commutation model. Based on the parameters of Haminan-Zhengzhou HVDC transmission project, the analysis results of the theoretical model are given. The results show that the consistency of valve parameters and the early slight fault of valve bridge arm have obvious influence on LCC-HVDC commutation process and stable operation. Finally, this model is verified by Matlab/Simulink simulation. Based on the model proposed, the control angle of the inverter valve can be calculated and controlled more accurately. Besides, the reactive power demand can be optimized and the commutation failure can be mitigated. What's more, the slight fault and aging of the valves can also be detected by monitoring of the commutation process. The paper aims to provide theoretical support for the economical and reliable operation of LCC-HVDC transmission.
I. INTRODUCTION
With the rapid development of the economy, the demand for electricity has been continuing to increase. High voltage direct current(HVDC) transmission not only has the characteristics of low loss and land-saving, but also has significant technical and economic advantages for longdistance and large-capacity power transmission application [1] - [3] . Thyristors can withstand very large surge current [4] in on-state and very high voltage in off-state, which are the highest among all power electronic devices at present [5] . With the improvement of semiconductor technology, the rated voltage of thyristor can be as high as 8500V, and the rated current is more than 6250A [6] , [7] . Therefore, ultra-high voltage direct current(UHVDC) and large capacity power transmission can only be realized by
The associate editor coordinating the review of this manuscript and approving it for publication was Zhigang Liu. the traditional line commutated converter high voltage direct current (LCC-HVDC) transmission [8] , [9] .
The currents of LCC-HVDC thyristors commutate through the grid AC voltage bus. Commutation failure is one of the most common challenges. The commutation failure mechanisms have been studied by many researches. In order to analysis of commutation failure, most of the current researches take into account the operation parameters. Theoretical mechanisms of commutation failure are analyzed by [10] , mainly considering AC system faults, AC voltage depression and phase shift. Among those causes, AC system faults are inevitable and they are the ones most considered [11] - [13] . A fast distinguish method to discriminate the critical commutation failure region is proposed in [11] . Commutation failure immunity index are used for quantifying commutation failure immunity levels in multi-infeed HVDC systems in [12] . Fast evaluation of commutation failure risk is proposed when faults are applied at the receiving-end AC buses [13] . The mechanism and probability of commutation VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ failures in a LCC-HVDC system considering commutation failure prevention control and the initial fault voltage angle are analyzed in [14] , which studies the probabilistic characteristic of commutation failure. Besides, the commutation failure and other faults are predicted and evaluated in references [15] - [19] . However, there are few commutation failure prediction researches considering the valve parameter consistency. Actually, commutation failure often occurs in part of the bridge arms. Inconsistent failures of bridge arms lead to asymmetric aging of different valves. The valve parameter consistency has a great influence on the commutation process and operation. There are few reports about the aging prediction and minor fault detection based on the commutation process.
In order to mitigate the commutation failure, some researches have been studied. Reference [20] proposed the commutation failure inhibition strategy. The reactive power control and voltage control at the inverter side of the LCC HVDC system with controllable capacitors have been proposed and associated controllers have been implemented [21] . However, they did not quantify the consistency of valve parameters. The common solution is to increase the safety margin trigger angle to cover the inconsistency of valve and thyristor parameters. The reactive power demanded by the converter stations is not only affected by the value of active power, but also related to many other operating parameters, among which the trigger angle is the most sensitive. Therefore, increasing the safety margin angle makes the converter stations consume more reactive power. A large amount of reactive power leads to that the operating efficiency of the system decreases and the cost increases.
Therefore, it is very important to study the commutation process of LCC-HVDC. Current commutation model only considers commutation voltage, commutation reactance and trigger lead angle. Those factors considered are not comprehensive enough. Ignoring thyristor parameters and their consistency, there are deviations between theoretical and actual commutation overlap angle. In practice, the deviations between the actual and theoretical values of the commutation overlap angle become larger and larger with the increase of aging and the consistency deterioration of valve parameters. Therefore, the thyristor parameters and their consistency have to be considered to revise the conventional commutation model for accurate calculation of commutation overlap process.
A lot of references have studied the parameters of thyristor. The reverse recovery model of thyristors was studied in reference [22] and the reverse recovery charge and the reverse recovery voltage are effected by the temperature of thyristor junction, the rate of current change and the forward current [23] , [24] . The estimating method of the thyristor junction temperature was proposed in reference [25] - [27] . The analytical approximation of thyristor states was studied in reference [28] . The equivalent circuit of thyristor was given in references [29] , [30] . The comprehensive test circuit of thyristor was proposed in reference [31] and the thyristor turn-off time test circuit is given in reference [32] . However, those references did not analyze commutation process combining with thyristor parameters as well as the inconsistency of valve and thyristor parameters.
In fact, for a commutation valve, dozens or even hundreds of single-thyristors are usually connected in series [33] . The number of single-thyristor included by every valve in various transmission projects is shown in the Table 1 .
For a large number of series thyristors, the performance difference is inevitable [30] . There are many reasons for the inconsistency of thyristor performance. For example, the inconsistent fatigue and aging caused by asymmetric fault operation, which may influence the on-state voltage of valves. With the increasing operation time of converter valves, their aging and failure problem will become more and more prominent. Some aging of the installation interface will make the on-state resistances of the valves different, which may lead to the closure of the converter valve and DC transmission outage in serious cases. Besides, the temperature difference of thyristor is caused by the difference of cooling condition and installation position. The thyristor performance has a close relationship with its junction temperature. The performance consistency of thyristors directly affects the working synchronism of converter valve [34] . What's more, the control of trigger angle is related to thyristor on-state parameters and the trigger angle is very significant for the success of commutation. The change of thyristor on-state parameters will affect the commutation process and the stability of HVDC transmission system.
In this paper, the consistency of thyristor on-state voltages and valve arm on-state resistances are considered. The model of commutation process is deduced more precisely. Based on the accurate commutation model, the theoretical solution and experimental verification of the commutation model are carried out by using the specific parameters of HaminanZhengzhou HVDC transmission. It provides a theoretical basis for reducing extinction angle and optimizing reactive power in normal operation. In addition, by monitoring the commutation process, the aging of the commutation valve can be detected and early fault warning can be carried out to avoid catastrophic failure of the commutation valve. It provides useful information for the economic and reliable operation of HVDC transmission. Besides, the operation of system is studied by a simulation model when the valve parameters are inconsistent.
The rest of the paper is organized as follows. In Section II, the inconsistencies of converter valve parameters are analyzed. In Section III, accurate model of commutation process is introduced, which considers the parameters of thyristor and their inconsistence. In Section IV, the theoretical solution verification is presented. The validity of this model proposed is verified by simulation in Section V. In section VI, the LCC-HVDC system operation is studied and simulated when the valve parameters are inconsistent. Conclusion are given in Section VII.
II. ANALYSIS OF INCONSISTENCY OF VALVE PARAMETERS A. STATIC MODEL OF THYRISTOR
Power thyristors were developed to replace vacuum tubes, and they have unique advantages in application of HVDC transmission. Each arm of 6-pluse bridge is composed of dozens of single-thyristor-level structural units in series. Each single-thyristor is connected in parallel with static and dynamic voltage-equalizing resistors and capacitor. The purpose of the voltage-equalizing circuit is to ensure the uniform voltage distribution in the valve and protect the thyristor from the damage of transient overvoltage. The structure of singlethyristor-level unit is shown in Fig. 1 .
When the thyristor is turned on, its volt-ampere (VI) characteristic is similar to that of a high-power diode. The static VI characteristic of thyristor is shown in Fig. 2 .
In Fig. 2 , V f stands for initial forward voltage, which is the voltage drop of the thyristor when a small on-state current flows through it. The thyristor internal resistance R on is the voltage growth slope when the conduction voltage increases. I l is the latching current of thyristor.
The thyristor device turns on when the anode-cathode voltage V ak is greater than V f and a positive pulse signal is applied at the gate input (g > 0). The pulse height must be greater than 0 and last long enough to allow the thyristor anode current to become larger than the latching current I l .
The thyristor device turns off when the current flowing in the device becomes 0 (I ak = 0) and a negative voltage appears across the anode and cathode for at least a period of time equal to the turn-off time T q . If the voltage across the device becomes positive within a period of time less than T q , the device turns on automatically even if the gate signal is low (g = 0) and the anode current is less than the latching current. The commutation failure is due to that the thyristor doesn't turn off reliably within the specified time.
B. CONSISTENCY OF THYRISTOR ON-STATE VOLTAGE
The on-state voltage drop defined in the thyristor datasheet is a value at a specified current and temperature. The on-state voltage affects the loss of the thyristor when it is on-state and the junction temperature of thyristor. The on-state voltage of thyristor is generally 1-3 volts (V) [35] . In addition, the temperature of the thyristor is closely related to most of its parameters.
Reference [36] introduces the single-thyristor on-state voltage applied in Xiangjiaba-Shanghai (±800 kV) UHVDC demonstration project in China. The test results of thyristor rated on-state voltagess are shown in Fig. 3 . The rated on-state voltage of improving thyristor is reduced by about 0.05V, compared with the average results without improvement. Whereas the voltage dispersion still exists. The maximum difference of on-state voltage without improvement is 0.056V, and that with improvement is 0.043V. Therefore, Fig. 3 . indicates that the difference of on-state voltage is inevitable and exists when thyristors are produced. In fact, with the increase of operation time, the aging of converter valves becomes more and more serious, and the inconsistency of thyristor on-state voltage becomes more and more prominent.
C. CONSISTENCY OF ON-STATE RESISTANCE OF VALVES
When a valve has been turned on, its on-state voltage will increase slightly with the on-state current increasing. This is mainly due to the static on-state characteristics of the valve, in addition to the on-state voltage, but also containing a resistive component. The value of the resistance is generally in the milliohm level. The on-state resistance of the valve includes the on-state resistance of the thyristors and the contact resistance of connection surface. Contact resistance includes contact resistances between thyristor and thyristor, and those between thyristor and bus bar.
With the aging of the converter valves, the on-state resistances of the valves will change slightly, which makes the on-state characteristics of the thyristors different. What's more, with a long-term operation, the ablation and oxidation area of the contact surface will become larger and larger, which makes the contact resistances between thyristor and thyristor, thyristor and metal bus have obvious differences. Besides, occasional commutation failures, lightning surge currents, operating over currents and other factors will also aggravate the inconsistence resistance aging of the valve bridge arms.
III. THEORETICAL ANALYSIS OF COMMUTATION PROCESS ACCURATE MODEL
The commutation failure of LCC-HVDC usually occurs on the inverter valves. Therefore, one of commutation processes of the inverter valves are considered as the research object. The no.4 thyristor and no.6 thyristor commutation equivalent circuit paths of inverter are shown in Fig. 4 . The leading trigger angle β is an important parameter controlled, which consists of three parts: the overlap angle of commutation µ, the electric angle δ of turn-off time T q , and the safety margin angle γ . The extinction angle is the sum of the electric angle δ and the safety margin angle γ .
The commutation overlap angle is due to the commutation time required by the commutation voltage and the commutation reactance when the thyristor commutates. The turn-off time T q is related to the carrier recovery time. It is the time interval between the instant the anode current has decreased to 0 and the instant when the thyristor is capable of withstanding positive voltage V ak without turning on again. Generally, the thyristor turn-off time T q is about 100-300us, and the equivalent electrical angle is 1.8-5.4 degrees (for 50Hz). Safety margin angle is the safety margin that mainly considers the inconsistency of valve parameters.
Voltage waveforms during commutation are shown in Fig. 5 .
Considering the on-state resistances and on-state voltages of the valves, the commutation voltage is determined by (1), according to Kirchhoff's Law of Voltage.
where e a and e b represents voltages of phase a and phase b. L c is the commutation reactance of each phase. U j , i j , and R j , are on-state voltage, on-state current and on-state resistance of No.j thyristor.
The time when e a and e b is equal is set as starting time. The line voltage e ba can be determined by (2) ,
where E m represents a single peak value of phase voltage, and ω represents angular frequency of power grid(100π for 50Hz). Combining (1) and (2), the commutation voltage is determined by (3),
Because there is a large inductance in DC bus, HVDC DC bus current I d remains unchanged. Just shown as Fig. 5 , HVDC DC bus current can be determined by (4),
Equation (5) can be obtained by deriving (4) .
Combining (5) and (3), the commutation current i 6 is determined by (6)
To integrate (6), with the upper limit of integration t and the lower limit of integration 180−β ω .
The results can be determined by (8) .
Express the coefficient of (8) as following,
Therefore, equation (8) is simplified to (10),
Express the on-state voltage difference and the on-state resistance difference as
and
The results can be determined by (13),
When the on-state resistance difference R is 0, the commutation current error caused by the resistance difference is 0, namely
Combining (13) and (14), there is
Obviously, when both the on-state voltage difference U and the on-state resistance difference R are equal to 0, equation (15) can be simplified as a simple ideal commutation model
Commutation overlap angle can be determined by (17) When the initial condition is substituted into (15), the commutation process can be calculated. At this process, current of no. 4 thyristor commutates to no. 6 thyristor. The initial condition is shown as below. At the beginning of commutation,
At the end of commutation,
and i 4 (t)| t=
According to (15) , the voltage and current waveform during commutation process can be shown as Fig. 6 .
In Fig. 6 , the purple real curve is the commutation voltage waveform and the red dotted line is the complete analytic waveform of the commutation current of the ideal model. The yellow real curve is current of no. 4 thyristor and the red real curve is current of no. 6 thyristor. When the sum of the two terms of on-state voltage inconsistency and on-state resistance inconsistency is positive, namely
the current commutation bias caused by the error terms is shown in the dotted line 1 with a positive slope. Therefore, the accurate commutation time is shorter, and the accurate commutation overlap angle µ 1 will be smaller than µ obtained by the ideal model (equation (17)). In the same way, when the sum of the two terms of on-state voltage inconsistency and on-state resistance inconsistency is negative, namely
the current commutation bias caused by the error terms is shown in the dotted line 2 with a negative slope. Therefore, the accurate commutation time is longer, and the accurate commutation overlap angle µ 2 will be larger than µ VOLUME 7, 2019 obtained by the simple ideal model(equation (17)). In addition, the degree of influence depends on the absolute value of the error term.
IV. THEORETICAL CALCULATION RESULTS
The results of theoretical derivation show that the on-state voltage inconsistency and the on-state resistance inconsistency of valves have an influence on the commutation process. In order to quantitatively assess the magnitude of the influence, Haminan-zhengzhou ±800kV HVDC transmission engineering parameters are used for theoretical calculation. The basic parameters of the inverter station at the receiving end of zhengzhou are shown in the Table 2 .
A. INFLUENCE OF ON-STATE VOLTAGE INCONSISTENCY ON THE COMMUTATION PROCESS
Firstly, the influence of on-state voltage inconsistency on the commutation process is analyzed. On the rated operating conditions, the corresponding transmitted active power is 8000MW. Based on the accurate model of commutation process proposed in Section III, the parameters in Table 2 are substituted into the model. The theoretical commutation overlap angle calculation results are solved with different turn-off lead angle and different valve on-state voltage inconsistency. The theoretical commutation overlap angle results with different turn-off lead angle and different valve on-state voltage inconsistency are shown in Table 3 , where µ is commutation overlap angle, whose unit is degrees. Table 3 shows that the commutation overlap angle varies with the turn-off lead angles and on-state voltage difference U . With the increasing of the turn-off lead angle, the commutation overlap angle decreases. Therefore, the thyristor has a larger extinction angle and it is easier to be turned off. Of course, increasing the turn-off lead angle means that the reactive power demanded by the converter station increases, and the reactive power compensation equipment needs to provide more reactive power to the converter station. It increases the power losses of the system and reduces the operating efficiency. The commutation overlap angle errors with different voltage inconsistency are converted into a normalized one by taking the commutation overlap angle in the case of none inconsistency as reference. This reference value is equal to that solved by the simple ideal model. The deviation curves obtained are shown in Fig. 7 . Fig. 7 indicates that the relationship between on-state voltage inconsistency and the commutation overlap angle error is linear. When the on-state voltage difference U (U 6 − U 4 ) is positive, the actual commutation overlap angle is larger than the value of ideal model. Similarly, when the on-state voltage difference U (U 6 − U 4 ) is negative, the actual commutation overlap angle is smaller than the value of ideal model. For instance, when the turn-off lead angle is 37 • and on-state voltage difference is 15V, commutation overlap angle deviation is as high as 0.05%.
B. INFLUENCE OF ON-STATE RESISTANCE INCONSISTENCY ON THE COMMUTATION PROCESS
The influence of on-state resistance inconsistency on the commutation process is analyzed. On the rated operating conditions, the corresponding transmitted active power is 8000MW. Based on the accurate model of commutation process proposed in Section III, the parameters in Table 2 in Table 4 , where µ is commutation overlap angle, whose unit is degrees. Table 4 shows that the commutation overlap angle decreases with the increment of on-state resistance difference R(R 6 − R 4 ). The commutation overlap angle errors with different resistance inconsistency are converted into a normalized one by taking the commutation overlap angle in the case of none resistance inconsistency as reference. This reference value is equal to that solved by the simple ideal model. The deviation curves obtained are shown in Fig. 8 . Fig. 8 indicates that the relationship between on-state resistance inconsistency and the commutation overlap angle error is linear. When the on-state resistance difference R(R 6 −R 4 ) is positive, the actual commutation overlap angle is smaller than the value of ideal model. Similarly, when the on-state resistance difference R(R 6 − R 4 ) is negative, the actual commutation overlap angle is larger than the value of ideal model. For instance, when the turn-off lead angle is 37 • and on-state resistance difference is 20m , commutation overlap angle deviation is as high as 0.15%.
V. SIMULATION VERIFICATION
In order to verify the accurate model of commutation process, a Matlab/Simulink simulation model of LCC-HVDC transmission system is built in this paper. The LCC-HVDC Simulation model based on Matlab/Simulink is shown in Fig. 9 . The parameters of the simulation model are set according to the actual HVDC transmission model of HaminanZhengzhou of China.
A. VERIFY THE INFLUENCE OF ON-STATE VOLTAGE INCONSISTENCY ON THE COMMUTATION PROCESS
The inverter valves trigger lead angle β is set as 37 • . Every bridge arm on-state resistance is 0.16 m . The three kinds of valve parameter setting values are specifically set as follows:
Set 1:
The current commutation process waveforms of i 4 and i 6 with three conditions of on-state voltage inconsistency are shown in Fig. 10 .
The enlarging i 6 waveforms of Fig. 10 with dotted curve position is shown in Fig. 11 . Fig. 11 illustrates that the commutation overlap angle varies significantly with the inconsistency of the valve on- 
B. VERIFY THE INFLUENCE OF ON-STATE RESISTANCE INCONSISTENCY ON THE COMMUTATION PROCESS
The influence of the valve on-state resistance inconsistency is studied. The inverter valves trigger lead angle β is set as 37 • . Every bridge arm on-state voltage is 90V. The three kinds of valve parameter setting values are specifically set as follows:
Set 1: R 6 = 0.16m ; R 4 = 0.16m , namely R = 0 . Set 2: R 6 = 20.16m ; R 4 = 0.16m , namely R = 20m . Set 3: R 6 = 0.16m ; R 4 = 20.16m , namely R = −20m . The current commutation process waveforms of i 4 and i 6 with three conditions of on-state resistance inconsistency are shown in Fig. 12 .
The enlarging i 6 waveforms of Fig. 12 with dotted curve position is shown in Fig. 13 . Fig. 13 illustrates that the commutation overlap angle varies significantly with the inconsistency of the valve onstate resistance. The simulation results of the accurate model are consistent with the theoretical deduction and calculation.
In practical application, thyristor trigger and monitor unit (TTM) can be used to on-line monitor the on-state voltage drops of thyristors, which has sufficient feasibility. By monitoring the on-state voltages of thyristors and giving accurate lead angles of inverters, the reactive power demand can be optimized with decreasing the safety margin angle. It is of great significance to increase the efficiency of HVDC transmission.
What's more, the aging of HVDC converter stations often leads to the inconsistency of valves on-state resistance and on-state voltage. Therefore, by monitoring the actual commutation overlap angle compared with accurate theoretical commutation overlap angle, the contact resistance aging of bridge arms can be detected and early fault warning can be carried out to avoid serious faults in HVDC transmission system.
VI. THE INFLUENCE ON COMMUTATION FAILURE
The on-state voltage inconsistency and the on-state resistance inconsistency of valves have influences on the commutation process. In order to study their influences on stability and control of HVDC system stability and control, a Matlab/Simulink simulation model power_hvdc12pulse of LCC-HVDC transmission system is studied in this paper. This model is in the library of Simulink. The LCC-HVDC simulation model based on Matlab/Simulink is shown in Fig. 14 . Capacity of the receiving end net is 10000MVA, which is represented by C rec . The control model of this simulation includes current control, voltage control, power control, forced control, and extinction angle control. The trigger angles of rectifier converters and inverters are the optimum value of those control modes. The extinction angle reference is 18 • as an initial value.
The simulation waveforms of LCC-HVDC inverter side with normal operation without commutation failure are shown in Fig. 15 .
In Fig. 15 , the thyristor is turned on at 0.02s and the current increase to 0.1 p. u when the time is 0.3s. The current reference increase from 0.1 p. u to 1 p. u between 0.4s and 0.58s. The rectifier converter is controlled by constant current mode and the inverter converter is controlled by constant voltage mode. A reactive load increment of 0.2 C rec occurs at 0.8s, and the DC bus voltage has a reduction. However, the thyristors commutate successfully. Therefore, the commutation failure does not happen. The reactive power load is removed at 1.1s and the DC bus voltage returns to normal. The current reference decreases at 1.4s and the DC bus discharge at 1.6s. The LCC-HVDC system is out of operation.
With an extinction angle reference 18 • and reactive load increment of 0.20325 C rec , the thyistors do not have enough commutation voltage and the commutation failure occurs. The simulation waveforms of LCC-HVDC inverter side is shown in Fig. 16 . Fig. 16 indicates that when a certain reactive power of load side increases suddenly at 0.8s, and the DC bus voltage has a reduction. Then the AC bus voltage will have a decline, which leads to the communication failure. At this time, the current of DC bus have a sharp increment to nearly 2.0 p. u. Different communication failure results with extinction angle reference 18 • are shown in Table 5 . The simulation data of Table 5 indicate that the on-state voltage inconsistency of valve bridge arms of converter station have strong influence on commutation results. For reactive load increment of 0.20325 C rec , when on-state voltage of G1 is 2V smaller than that of G4 or on-state voltage of G1 is 5V larger than that of G4, the commutation failure will occur. On the other hand, the system operates reliably when on-state voltage of G1 is 1V smaller than that of G4 or on-state voltage of G1 is 4V larger than that of G4. Besides, there is an influence limit value for the on-stage voltage drop inconsistency. It means that commutation might not fail although the on-stage voltage drop of G1 is 0 when the reactive load increment is lower than 1950MVar. What's more, only the inconsistency between two adjacent commutation thyristors have influence on the commutation process. This phenomenon is consistent with the analysis in section III.
With a control of extinction angle reference, the commutation failure could be avoided. When the on-state voltage is inconsistent, critical values of extinction angle reference correction with a sudden reactive load increment of 0.20325 C rec are shown in Table 6 .
When the on-state resistance is inconsistent, critical values of extinction angle reference correction with a sudden reactive load increment of 0.20325 C rec are shown in Table 7 . Simulation data in Table 6 and Table 7 are got at a rated operating condition active power transmission. For example, Table 6 means that the commutation failure will occur when the extinction angle is smaller than 16.45 • and when the on-state voltage difference (U 4 − U 1 ) is 2V. But the commutation failure could be avoided when the extinction angle is larger than 16.45 • . Besides, Table 7 means that the commutation failure will occur when the extinction angle is smaller than 20.85 • and when the on-state voltage resistance (R 1 − R 4 ) is 0.032 . But the commutation failure could be avoided when the extinction angle is larger than 20.85 • .
Therefore, a tiny inconsistent valve parameter deviation of on-state voltage and resistance might have a serious influence on the stable operation and commutation result of LCC-HVDC with a certain reactive load increment. An appropriate control correction of the extinction angle reference value can avoid the occurrence of commutation failure.
However, more in-depth studies about the mechanism and details of the control mode combined with the valve parameter inconsistent are needed.
VII. CONCLUSION
In a word, this paper mainly includes five contributions to the local control of LCC-HVDC transmission.
1. In this paper, the inconsistent valve parameters and early fault on LCC-HVDC commutation process are considered and studied, mainly considering the inconsistency of valve on-state voltage drop and equivalent on-state resistance. The traditional simplified commutation model in LCC-HVDC is modified and revised through precise mathematical deduction. The accurate model provides a more accurate theoretical basis for the actual trigger angle control.
2. The parameters of Haminan-Zhengzhou HVDC transmission in practice is used for theoretical calculation. The deviation comparisons between the accurate commutation model and the traditional simplified model are given. Besides, the accurate model of commutation process is verified by simulation.
3. Based on the commutation overlap angle measured and the on-line on-state voltage monitored by TTM in the practical, the on-state parameters of each valve can be monitored. Therefore, the minor fault and aging of the valve contact surfaces and metal conductors of the valves can be detected.
4. The safety margin angle in the trigger angle can be optimized, and the reactive power demanded by converter station can be reduced. This provides theoretical support and engineering basis for the optimization of reactive power compensation capacity at valve station of HVDC transmission project.
5. Stable operation of LCC-HVDC transmission system is strongly affected by inconsistent valve on-state voltages and on-state resistance, especially when a sudden reactive power load increases. Therefore, an optimized control of the extinction angle can reduce the occurrence of commutation failures. The work of this paper can improve safety and reliability of LCC-HVDC transmission system.
